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costs through simplification of startup circuits for these applications.
I. Introduction
Ferroresonant power supplies offer high reliability, overload protection and a number of other attractive features, and so have come into widespread use as power supplies for electronic equipment and in other applications [1] [2] [3] [4] .
We previously proposed a three-phase inverter (hereafter called a frequency-dividing-type three-phase inverter) which combines a singlephase-to-three-phase converter employing the frequency-dividing function of a three-phase ferroresonant circuit [5] , and a single-phase squarewave inverter. This device was shown to have good conversion efficiency, constant-voltage characteristics and three-phase balance, and is expected to become a component of small ac-dc conversion systems and uninterruptible power supplies [8] .
However, when a frequency-dividing threephase inverter is used in a UPS or some other system where a three-phase voltage is not already established on the output side, it is necessary to include a startup circuit with a complicated sequence [5] As indicated in Fig. 1 , frequency-dividing three-phase inverters consist of a single-phase square wave inverter and a three-phase ferroresonant circuit. Fig. 2 shows the construction of the three-phase ferroresonant circuit. The primary windings of the three saturable reactors are open-delta connected, and the secondary windings are three-phase star-connected. n1 and n2 are the number of turns of the primary and secondary windings of the saturable reactors, C is the ferroresonant capacitance, and R is the load resistance. The three-phase ferroresonant circuit of Fig.  2 has the construction of an inverted input/output circuit of a ferroresonant frequency multiplier. That is, if a three-phase power supply is connected to the input circuit of a frequency multiplier, a single-phase voltage consisting of an odd tripled harmonic appears in the output circuit [6, 7] .
This device utilizes a frequency-dividing function corresponding to an inverted frequency multiplier. When the primary circuit of the threephase ferroresonant circuit is excited by a square-wave inverter, a three-phase voltage consisting of the 1/3-harmonic components of the square-wave inverter output appears across the secondary circuit terminals.
In order to analyze the operation of such a frequency-dividing three-phase inverter, we derive the circuit equations for a three-phase ferroresonant circuit excited by a square-wave voltage waveform. B. Circuit equations
The circuit currents and voltages are as shown in Fig. 2 (2) 
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The magnetization coefficients of eq. (1) can be written as follows:
,ij=S±+58iS, i =8u +8v +,Gw)/3 a >daj, 8 > 6,j = U, V, W) (3) Here et and I are the averages of the values Olj and j. The quantities &Xj and 683j are deviations of the magnetization coefficients of each phase from the averages, and indicate imbalance in the magnetic circuit. For the primary and secondary circuits we have the following:
From eqs.
(1) through (6) Eq. (7) is a system of simultaneous nonlinear differential equations describing the circuit operation.
C. Calculation procedure
The voltage v1 from the single-phase squarewave inverter is approximated as follows.
V1 'TV3 sin 3cot+vTV9 sin 9ct Fig. 3 is an example of the power spectrum of the phase voltage vu for a frequency-dividing three-phase inverter. From the figure we see that the fundamental, third, fifth, seventh, ninth, 15th and 21st harmonics are most prominent. We therefore use the following approximation for the steady-state periodic solution to eq. (7) From eqs. (4), (8) and (9) we obtain
Because R and C are linear elements, the output voltages vuv, vvw and vwu can be obtained from eqs. (5), (6) and (9) . By substituting eqs. (9) through (11) Fig. 4 shows the construction of the circuit used in tests. A transistor-based single-phase square-wave inverter was used, oscillating at 150 Hz. Fig. 5 The maximum output from the frequencydividing three-phase inverter using the above saturable reactors was approximately 0.4 kW. Fig. 6 [10] .
The magnetization curves appear in Fig. 7 . In the figure, the solid lines are measured results, and the broken lines are curves calculated using the following magnetization coefficients: ct= 8.25x 102, 8CU/a=0.92x1o-2, 6&YV/a=-0.61x1o-2, Output power W2 (W) Fig. 10 . Operating regions.
obtained without taking imbalance into consideration, is also seen to exist. Stable and unstable regions exist for both of these solutions. The trapezoidal-shape solution is stable in the range Vd=74 V to 188 V, and the oblong-shape solution is stable from Vd=80 V to 180 V. Fig. 9 is a phasor locus of the fundamental components of the stable solutions in Fig. 8 . From Fig. 9 we see that the trapezoidal-shape solution of Fig. 8 has a positive phase sequence, and the oblong-shape solution a negative phase sequence.
Measured and calculated results for the range of dc voltages enabling operation to obtain a three-phase output W2 when C=50 gF appear in Fig. 10 . For instance, in order to obtain a 200 W three-phase output with a positive phase sequence, we see from the figure that the dc voltage should be set between 90 V and 190 V.
Hence the region in the figure bounded by the curve and the vertical axis is the region of positive phase sequence operation of a frequencydividing three-phase inverter. Similarly, we see that within the region of positive phase sequence operation is an oblong-shaped region of negative phase sequence operation.
Furthermore, from the figure we see that if the dc voltage Vd is held near 180 V, it is possible to obtain a positive phase sequence threephase output for loads ranging from zero to maximum (405 W). C. Methods of stabilizing the phase sequence In this device, the dc voltage was set at 180 V in order to maximize the operating range for a positive phase sequence. Hence if the circuit parameters are chosen such that the oblong operating region does not appear in Vd=180 V,it is possible to stabilize the phase sequence. Fig. 11 shows the results of calculations of the operating region for a negative phase sequence, when the degree of imbalance (6cc°c, 613/1) was varied under the same load conditions as in Fig. 10 . From Fig. 11(a) we see that when the imbalance of the linear magnetization coefficient cc increases, the oblong-shape curve is [9] , but the increased number of components would inevitably mean greater circuit complexity and increased cost.
On the other hand, adjustment of the circuit parameters governing the phase sequence means adjusting the fundamental component, and so it is expected that adjustment by varying the ferroresonant capacitance, which corresponds to adjustment of the linear inductance component, is possible. In this case no additional parts are needed, and there is only a slight increase in device cost.
Because the ferroresonant capacitance is connected in a three-phase delta-connection with respect to the load, to compute the adjustment capacitance, the amount of adjustment for each phase, corresponding to 6Lj, is calculated, and from a Y-A transformation the amount of capacitance adjustment 6Cpq (pq=UV, VW, WU) is determined [10] . The values of the ferroresonant capacitance Cpq after adjustment appear in Table   1 .
Measured results for the range of operation with a negative phase sequence, with the ferroresonant capacitances adjusted as in the table and using a simplified startup sequence, appear in Fig. 12 . We see that near Vd=180 V there is no region of operation with a negative phase sequence. Hence when we set Vd=180 V, the three-phase voltage has only a positive phase sequence. Table 2 compares the various parameters before and after adjustment. We see that adjustment of the ferroresonant capacitance has almost no effect on the various characteristics.
IV. Conclusion
In this.paper we have performed analyses and experiments related to cost reductions obtained by simplifying the startup circuit of a frequencydividing three-phase inverter. Our results are summarized as follows.
(I) Phase sequence and magnetic circuit imbalance: By using the harmonic balance method taking imbalance into account, the operation of the frequency-dividing three-phase inverter was confirmed, and the relation between the magnetic circuit imbalance and the phase sequence was clarified.
(2) Guidelines for stabilization of the phase sequence: On studying a method of adjustment of the ferroresonant capacitance as a means of stabilizing the phase sequence of the output voltage using a simplified startup procedure, it was found that the phase sequence could be stabilized without resulting in increased costs or deterioration of characteristics.
(3) Simplification of the startup circuit: It was possible to simplify the startup circuit necessary when employing a frequency-dividing threephase inverter as an uninterruptible power supply, and a reduction in cost of 20% or so is anticipated. 
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